T he goals of spine radiosurgery parallel those of intracranial radiosurgery, namely to improve local control beyond the capabilities of conventional fractionated radiotherapy and to be an effective treatment for previously irradiated lesions with an acceptable safety profile. The possibility of LINAC-based spinal stereotactic radiosurgery was first described by Hamilton et al. 18 in 1995.
T he goals of spine radiosurgery parallel those of intracranial radiosurgery, namely to improve local control beyond the capabilities of conventional fractionated radiotherapy and to be an effective treatment for previously irradiated lesions with an acceptable safety profile. The possibility of LINAC-based spinal stereotactic radiosurgery was first described by Hamilton et al. 18 in 1995.
Since that time, a substantial body of literature has offered descriptions on the use of large-fraction conformal radiation delivery to spinal lesions using a variety of technologies. [3] [4] [5] [6] [7] [8] 10, 17, 18, 20, [23] [24] [25] [28] [29] [30] 40 A recent systematic review of the literature found that spine radiosurgery is both safe and effective and provides a durable symptom response and local control for even radioresistant tissues, regardless of whether prior fractionated radiotherapy was performed. 15, 39 Such outcomes closely mirror the clinical success that has been achieved using intracranial radiosurgery.
Prospective evaluation of a dedicated spine radiosurgery program using the Elekta Synergy S system 
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Object. Cone beam CT (CBCT) image guidance has recently been adopted for the delivery of spine radiosurgery. In 2007, the authors' institution began a dedicated spine radiosurgery program using the Elekta Synergy S system, which incorporates CBCT technology. In this study, the authors prospectively evaluated the Synergy S platform as a dedicated spine radiosurgery delivery system, including an evaluation of the accuracy of patient positioning using this technology, as part of a quality assurance program.
Methods. One hundred sixty-six spine and paraspinal lesions were treated using the Elekta Synergy S 6-MV LINAC with a beam modulator and CBCT image guidance combined with a HexaPOD couch that allows correction of patient positioning in 3 translational and 3 rotational directions. Stratifying the lesion by location, there were 28 cervical, 69 thoracic, 48 lumbar, and 21 sacral lesions. The most common histological types for the metastatic lesions (136 cases total) were breast, lung, sarcomas, and renal cells. The most common benign tumors (30 cases total) included 10 schwannomas, 5 neurofibromas, and 5 meningiomas. Twenty-eight lesions (17%) were intradural. To measure intratreatment patient movement, 3 quality assurance CBCTs were performed and recorded at separate times: immediately before treatment started; at the first third of the procedure; and at the second third of the procedure. The positioning data and fused images of the planning CT and CBCT were analyzed to determine intrafraction patient movements. From each of 3 quality assurance CBCT images, 3 translational and 3 rotational coordinates were obtained.
Results. The prescribed dose to the gross tumor volume, delivered in a single fraction, ranged from 12 to 20 Gy (mean 16 Gy) in this cohort. This dose was delivered by between 7 and 14 coplanar intensity-modulated radiation therapy beams (mean 9 beams). The gross tumor volumes ranged from 1.2 to 491.7 cm 3 (mean 39.2 cm 3 ). Mean treatment time including setup was 64 minutes. At the first third of the treatment, the magnitude of the 3D translational vector (X, Y, Z) was 1.1 ± 0.7 mm. Similarly, the 3D translational vector at the second third of the treatment was 1.0 ± 0.6 mm. The means ± SDs of the rotational angles were 0.2° ± 0.4°, 0.4° ± 0.5°, and 0.3° ± 0.5° along yaw, roll, and pitch, respectively, at the first third of the treatment, and 0.2° ± 0.3°, 0.4° ± 0.5°, and 0.4° ± 0.5°, respectively, at the second third of the treatment.
Conclusions. Single-fraction spine radiosurgery performed using the Synergy S platform and incorporating CBCT image guidance was determined to be feasible, accurate, and safe. This technique provides an overall translational position accuracy of < 2.0 mm. (DOI: 10.3171/2010.8.GKS10949) Recent technological developments, including imaging technology for 3D localization and pretreatment planning, the advent of IMRT, and a higher degree of accuracy in achieving target dose conformation while sparing normal surrounding tissue, have made possible radiosurgical treatment of vertebral body lesions close to the spinal cord and cauda equina. Multiple studies have demonstrated the feasibility and clinical efficacy of spine radiosurgery for both primary and secondary malignancies. [2] [3] [4] [5] 10, 12, 13, 24, 28, 30, 36 Others have demonstrated the effectiveness of protons for spinal and paraspinal tumors.
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To provide the accuracy of dose delivery necessary for extracranial radiosurgery, current radiosurgery techniques must use some form of image-guided robotic technology to alter the position and trajectory of the beam delivery system 1, 39 or micromultileaf collimated beams designed by inverse planning to generate IMRT. 9, 35, 38 Regardless of which delivery system is used, in all cases, the treatment plan must tightly conform the prescribed radiation dose to the tumor target while featuring deep dose gradients at the edge of the target and immediate surrounding normal tissue.
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Cone beam CT image-guidance technology has been adopted for radiosurgery setup and delivery by a variety of radiosurgery delivery systems. 19, 32 Following an extensive experience with spine radiosurgery using non-CBCT technologies, our facility began a dedicated spine radiosurgery program using the Elekta Synergy S system (Elekta AB). In this paper, we describe a prospective evaluation of our spine radiosurgery program using Synergy S to determine the feasibility of using this technology for spine radiosurgery applications.
Methods
Beginning in 2007, 166 spine and paraspinal lesions in 108 patients underwent radiosurgery treatment delivered using an Elekta Synergy S 6-MV LINAC (Elekta AB) with a beam modulator (Fig. 1) . In a plane orthogonal to the LINAC, the CBCT image guidance system was mounted on the gantry. The accelerator was also equipped with a HexaPOD couch (Medical Intelligence) that allows correction of patient positioning in 3 translational and 3 rotational directions. Patients were immobilized with the BodyFIX (total body bag, Medical Intelligence) when treatment sites were below T-6; otherwise, a head and shoulder mask with an S-board (CIVCO) was used. The Pinnacle treatment planning system (version 8.0, Philips) and a 1.5-mm CT slice thickness were used to plan all spine radiosurgery treatments.
The study cohort consisted of 47 men and 61 women ranging in age from 23 to 87 years (mean age 56 years). These patients' cases were prospectively evaluated as part of a quality assurance program for the implementation of this new technology at our institution. Table 1 lists the characteristics of the treatment group. With respect to location, there were 28 cervical, 69 thoracic, 48 lumbar, and 21 sacral lesions. The most common primary histological types for the metastatic lesions (136 cases total) included 33 breast tumors, 20 lung tumors, 16 sarcomas, and 15 renal tumors ( Table 2 ). The most common benign tumors (30 cases total) included 10 schwannomas, 5 neurofibromas, and 5 meningiomas. Twenty-eight lesions (17%) were intradural. One hundred three malignant lesions (62%) had received prior conventional fractionated radiotherapy. Radiosurgery was used as a primary treatment modality in 44 cases (26%), for radiographic evidence of tumor progression after prior conventional radiotherapy in 81 cases (49%), and as adjuvant postsurgery therapy in 41 cases (25%). Patients reported a significant component of pain in 76 cases (46%). In 51 patients (31% of cases), titanium instrumentation and/or methylmethacrylate bone cement had been previously implanted at the treated level.
The positioning deviations for all patients during the radiosurgery treatments were prospectively quantitatively evaluated and recorded. An extravertebral extension of the tumor also was targeted when clinically indicated. The initial patient setup was performed based on the patient's Fig. 1 . Photograph showing the Synergy S system, which combines a LINAC with an onboard, integrated high-resolution 3D volume imaging system that allows the target to be visualized at the precise time of treatment while the patient is in position on the treatment couch. The cone beam imaging system is located in a position orthogonal to the LINAC beam. The robotic couch is adjusted in 3 translations and 3 rotations to ensure that the radiation is directed precisely to the target. 16 (12) (13) (14) (15) (16) (17) (18) (19) (20) body marks followed by a CBCT image for target localization, and any subsequent position adjustment was based on CBCT and treatment planning CT image registration results. To verify the initial patient setup and ensure the accuracy of patient positioning during treatment, 3 quality assurance CBCT studies were performed during the procedure (Fig. 2) . The first quality assurance study was conducted immediately before treatment started, the second at the first third of the procedure, and the last at the second third of the procedure. This strategy was used to monitor patient movement after the initial setup had taken place. The positioning data and fused images from the planning CT study and the CBCT studies during treatment were analyzed to determine intrafraction patient movements. From each of 3 quality assurance CBCT studies, 3 translational and 3 rotational coordinates were obtained. In all cases, even very small deviations in patient positioning observed after the initial CBCT study were always corrected.
Results
The radiosurgery procedure was successfully completed in all patients. The prescribed dose to the gross tumor volume for the cohort was 12-20 Gy (mean 16 Gy). Seven to 14 coplanar beams (mean 9 beams) using IMRT were used to deliver the total dose to the target volume. The gross tumor volume ranged from 1.2 to 491.7 cm 3 (mean 39.2 cm 3 ). The mean treatment time for the entire radiosurgery procedure, including the initial patient setup, was 64 minutes.
At the first third of the procedure, the mean translational variations ± SDs were 0.5 ± 0.5, 0.5 ± 0.5, and 0.5 ± 0.5 mm in the lateral (X), longitudinal (Y), and anteroposterior (Z) directions, respectively. The magnitude of the 3D vector (X, Y, Z) was 1.1 ± 0.7 mm. Similarly, variations at the second third of the procedure were 0.5 ± 0.5, 0.5 ± 0.5, and 0.5 ± 0.5 mm along the X, Y, and Z directions, respectively, and the 3D vector (X, Y, Z) was 1.0 ± 0.6 mm. The mean ± SD measurements for the rotational angles were 0.2° ± 0.4°, 0.4° ± 0.5°, and 0.3° ± 0.5°, respectively, along yaw, roll, and pitch at the first third of the treatment and 0.2° ± 0.3°, 0.4° ± 0.5°, and 0.4° ± 0.5°, respectively, at the second third of the treatment. The overall translational position accuracy was determined to be < 2.0 mm.
Positioning deviations were further compared as a function of treatment site, immobilization device used, and total treatment time. Positioning deviations did not differ when a comparison was made by treatment segment of the vertebral column (that is, cervical, thoracic, or lumbar). However, for patients with tumors located in the cervical spine, more difficulties with setup and patient positioning were observed, and the overall treatment time was also typically longer than for other patients. Positioning deviations were independent of the immobilization device used and the total treatment time. No evidence of acute or subacute radiation-induced spinal cord toxicity was observed in this series (median follow-up 15 months). 
Illustrative Case

Discussion
Stereotactic body radiosurgery has emerged as a new treatment option in the multidisciplinary management of tumors located within or adjacent (paraspinal) to the vertebral bodies or spinal cord.
2-5,10,14,24,28,30,31,34,39 Stereotactic radiosurgery provides an option to deliver high-dose radiation per fraction, and therefore, a high biological equivalent dose, in 1-5 fractions. The aims of stereotactic body radiosurgery for spinal tumors are to improve existing rates of clinical response and tumor control and to reduce the retreatment rate by increasing the biological equivalent dose.
27,31 A systematic literature review concluded that a strong recommendation can be made, albeit based on low-quality evidence, that radiosurgery should be considered over conventional fractionated radiotherapy for the treatment of solid-tumor spine metastases in the setting of oligometastatic disease and/or a radioresistant histological type in which no relative contraindications exist. 15 Spine radiosurgery has become an integral part of the multidisciplinary management of malignant and benign lesions of the spine at our institution.
The feasibility, safety, and clinical efficacy of a stereotactic intensity-modulated beam technique to treat spinal and paraspinal tumors using online treatment field imaging to ensure the precision of tumor targeting (image-guided IMRT) has been reported. 22, 37, 38 Extracranial radiosurgery requires the delivery of precisely shaped radiation beams. In LINACs, electrons are accelerated to high energies and either exit as electrons or are aimed at a hard metal target designed to produce high-energy x-rays or photons. The latter are used in radiosurgery. In the Synergy S LINAC, a rotatable gantry allows 360° rotation of the source to allow for multiple beam directions. The total number of beams, the beam angles, or directions are selected to provide the best coverage of the target volume while sparing dose-limiting structures. For instance, a lower thoracic tumor will generally be treated with beams angled off the kidneys to avoid delivering a significant dose to this normal tissue structure. The beam is further modified by using collimators within the machine treatment head. These collimators attenuate the primary beam and therefore precisely define the treatment field size. The field size can be continuously adjusted by using multiple collimator leaves, which are continuously moving to shape the beam (multileaf collimator). In radiosurgery, these leaves are very small in size, allowing for the accurate delivery of radiation to extremely small field sizes (micromultileaf collimator). Each beam of radiation can be envisioned as being divided into many small beamlets, each of which can be modulated into varying intensities using multileaf collimators: this is referred to as IMRT. 39 Cone beam x-ray imaging is a relatively new volumetric imaging technique that uses a gantry-mounted kilovoltage source and detector.
33 By making a full gantry rotation, the kilovolt system acquires several hundred projection images. Other systems use megavoltage cone beam imaging. 19 These are converted into CT-like axial slices in a process similar to the reconstruction used by conventional CT scanners. The cone beam scans provide extremely high spatial resolution of both bone and softtissue structures, making possible the setup of sites with submillimeter targeting errors. 39 The Elekta Synergy S was the first digitally controlled LINAC optimized for image-guided radiation therapy that enables the acquisition of a high-definition 3D volume image at the time of treatment with the patient in the treatment position. The machine combines a LINAC with a fully integrated onboard 3D volume imaging system that allows the target to be visualized while the patient is on the treatment couch at the precise time of treatment. The robotic couch makes any necessary adjustments in 3 translations and 3 rotations of the patient's position to ensure that the radiation beam is directed precisely to the target. Our center previously reported an evaluation of the setup accuracy of spine radiosurgery using CBCT image guidance with the same Synergy S platform in a subset of patients with spinal implants.
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Conclusions
Management of target localization has always been a central issue in the delivery of spine radiosurgery. Many stereotactic body radiosurgery systems today have adopted kilovoltage CBCT technology over megavoltage CBCT technology for radiosurgery image guidance. However, little work has been done to date to evaluate specifically kilovoltage CBCT in such a large cohort of patients. 26 This prospective evaluation of a large cohort of patients undergoing spine radiosurgery using a dedicated Synergy S platform demonstrates that the use of CBCT image guidance for patient setup in single-fraction spine radiosurgery is feasible, safe, and highly accurate.
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